A unique regulation of the expression of the psbA, psbD, and psbE genes, encoding the D1, D2 and cytochrome b559 subunits of the Photosystem II complex in the chlorophyll d containing cyanobacterium Acaryochloris marina  by Kiss, Éva et al.
Biochimica et Biophysica Acta 1817 (2012) 1083–1094
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbabioA unique regulation of the expression of the psbA, psbD, and psbE genes, encoding the
D1, D2 and cytochrome b559 subunits of the Photosystem II complex in the
chlorophyll d containing cyanobacterium Acaryochloris marina
Éva Kiss a, Péter B. Kós a, Min Chen b, Imre Vass a,⁎
a Institute of Plant Biology, Biological Research Center, Szeged, Hungary
b School of Biological Sciences, University of Sydney, Sydney, NSW 2006, AustraliaAbbreviations: Chl, chlorophyll; DCMU, 3-(3,4-dichlo
DMBQ, dimethylbenzoquinone; DBMIB, dibromothymo
sium ferricyanide K3; PBP, phycobiliproteins; PSII, Phot
QA and QB, the primary and secondary quinine electron
⁎ Corresponding author. Tel.: +36 62 599 700; fax: +
E-mail address: imre@brc.hu (I. Vass).
0005-2728/$ – see front matter © 2012 Elsevier B.V. All
doi:10.1016/j.bbabio.2012.04.010a b s t r a c ta r t i c l e i n f oArticle history:
Received 12 January 2012
Received in revised form 11 April 2012
Accepted 17 April 2012
Available online 25 April 2012
Keywords:
Adaptation
Cyanobacteria
Acaryochloris marina
D1, D2, and cytochrome b559 proteins
psbA, psbD, psbE, and psbF genesPhotosynthetic electron transport, chromatic photoacclimation and expression of the genes encoding the D1, D2,
and cytochrome b559 subunits of the Photosystem II complex were studied in the chlorophyll d containing
cyanobacterium Acaryochloris marinaMBIC11017 under various environmental conditions. During oxygen dep-
rivation and inhibition of photosynthetic electron transport by dibromothymoquinone the psbA1 gene encoding
a D1′ isoformwas induced. All of the three psbA and one of the three psbD (psbD2) genes, encoding two different
isoforms of the D1 and the abundant isoform of the D2 proteins, respectively were induced under exposure to
UV-B radiation and high intensity visible light. Under far red light the amount of Photosystem II complexes
increased, and expression of the psbE2 gene encoding the alpha-subunit of cytochrome b559 was enhanced.
However, the psbF and psbE1 genes encoding the beta- and another isoform of alpha-cytochrome b559, respec-
tively remained lowly expressed under all conditions. Far red light also induced the psbD3 gene encoding a D2′
isoform whose primary structure is different from the abundant D2 isoform. psbD3was also induced under low
intensity visible light,when chromatic photoacclimationwas indicated by a red-shifted absorption of chlorophyll
d. Our results show that differential expression of multigene families encoding different isoforms of D1 and D2
plays an important role in the acclimation of A. marina to contrasting environmental conditions. Moreover, the
disproportionate quantity of transcripts of the alpha and beta subunits of cytochrome b559 implies the existence
of an alpha–alpha homodimer organization of cytochrome b559 in Photosystem II complexes.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria are highly adaptive organisms,whichhave developed
several mechanisms to protect themselves from environmental stress
effects, especially from the consequences of photo-oxidative stress
that affects primarily the Photosystem II (PSII) complex of the photo-
synthetic apparatus. PSII is a large pigment–protein complex, which
is embedded in the thylakoid membrane. Its main function is light
induced oxidation of water and transfer of the extracted electrons to
plastoquinone (PQ) molecules in the lipid phase of the membrane.
The core of PSII consists of a heterodimer of D1 and D2 proteins that
ligates the redox active components of PSII, including the catalytic
Mn4CaO5 cluster of the water-oxidizing complex. The D1 protein is
highly susceptible to photodamage caused by the strongly oxidativerophenyl)-1, 1-dimethylurea;
quinone; Fe(CN)6, FeCy potas-
osystem II; PQ, plastoquinone;
acceptor of PSII respectively
36 62 433 434.
rights reserved.chemistry of water splitting. This protein is frequently replaced in the
core complex in order to restore the activity of photodamaged PSII
(see refs. [1,2]). The D1 protein is highly conserved among photosyn-
thetic organisms [3]. Plants have one type of D1 protein encoded by
the psbA gene. However, cyanobacterial genomes can contain a set of
2–5 homologous psbA genes, encoding up to 3 isoforms of D1 proteins
with different amino acid sequences [4–7].
One type of photoprotection of PSII in cyanobacteria is the induction
of additional copies of the psbA gene, which encode a D1 protein with
the same amino acid sequence as the D1 expressed under control con-
ditions. Thus a larger mRNA pool is maintained for the higher turnover
rate of D1 under stress conditions. This phenomenon is well described
in Synechocystis PCC 6803 under high light, UV-B andmoderate temper-
ature stress [6,8]. The other type of protecting mechanism against
photodamage is the expression of two distinct isoforms of D1 protein
under low light (D1:1) and high light (D1:2) conditions. This type of
response involving psbA copies encoding different amino acid se-
quences was identiﬁed under stress conditions in Synechococcus PCC
7942 [5,9–12], Anabaena PCC 7120 [6], Gloeobacter violaceus PCC 7421
[13] and Thermosynechococcus elongatus [7,14]. Recently, another
mechanism of adaptation that involves a third type of D1, called the
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considered to be silent [15] until it was discovered that it could
be expressed under oxygen deprived conditions in T. elongatus,
Synechocystis PCC 6803, Anabaena PCC 7120, and Cyanothece ATCC
51142 [16–18].
In all the cyanobacteria studied so far, the D2 polypeptide in the PSII
core heterodimer is encoded either by 1 or 2 psbD genes, resulting in
only one D2 protein isoform. There seems to be only one exception to
this rule in Synechococcus elongatus PCC 6301, in which the Phe27Tyr
residue change occurs in one of its PsbD sequences [19]. However, this
residue does not seem to be important for a speciﬁc function. In those
species, which contain two copies of the psbD gene, one of the genes
forms one transcriptional unit with the psbC gene encoding a chloro-
phyll (Chl) binding protein CP43, which serves as an inner antenna for
PSII. This bicistronic psbD–psbCmessage is highly expressed at all light
intensities. However, the expression of the other psbD homologue,
which is transcribed in a monocistronic mRNA copy, is strongly depen-
dent on light intensity and quality: its expression is very low under low
light conditions, but it is promptly induced up to a high level by strong
visible light intensities [20], aswell as by UV-B radiation [21]. This light-
regulated expression of the psbD monocistron and the psbD–psbC
bicistron is well-described in S. elongatus PCC 7942 [20].
Besides the D1 and D2 proteins cytochrome (cyt) b559, a two-
subunit redox active protein component, is also indispensable for
assembly and photoprotection of PSII [22–26]. Cytb559 consists of α
and β subunits encoded by the psbE and psbF genes, respectively.
Apart from Chlamydomonas reinhardtii, where the psbE and psbF genes
are transcribed separately [27], in all photosynthetic organisms studied
up to date the psbE and psbF genes form a cluster with the psbJ and psbL
genes encoding the low molecular weight proteins PsbJ and PsbL
respectively. PsbL along with PsbJ supports the electron transfer at the
QA site, and they are necessary for functionally assembled PSII com-
plexes [28–30].
Acaryochloris marina (A. marina) is adapted to an ecological niche
with limited visible light availabilities by using Chl d as the dominant
antenna pigment to capture light in the far red region of the solar spec-
trum [31]. Approximately half of its Chl d pigments are bound by the
major light harvesting complex made of integral membrane proteins
(Pcb proteins) [32]. A. marina was isolated from a didemnid ascidian
[33], and was previously thought to be an obligate exosymbiont of
ascidians like Prochloron didemni [34]. However, it was recently
shown to cohabitate with a macrophytic red alga [35], and it is now ac-
knowledged to be an epiphytic cyanobacterium, which can be cultured
in the laboratory. Its highly adaptive nature [36–38], which is likely to
be facilitated by its expanded genome [39], enables this cyanobacterium
to be a useful model organism in which photosynthetic acclimation can
be studied.
The genome sequencing project of A. marina has been carried out
and revealed that this cyanobacterium has three psbA, three psbD, and
two psbE homologues in its genome [19]. The three psbA and three
psbD homologues encode two D1 and two D2 protein isoforms of dif-
ferent primary structure, respectively. A further distinct feature of the
genome of A. marina concerns the arrangement of the psbE and psbF
genes encoding the α and β subunits of cytb559, respectively. Instead
of the usual arrangement of the psbEFLJ genes into one cluster in cyano-
bacteria, these genes are arranged into two clusters: psbEF and psbELJ.
As a consequence A. marina has two copies of the psbE gene [19]
encoding theα subunit of cytb559. According to the current data avail-
able on the genome project of the Acaryochloris CCMEE 5410 [40] this
other strain in the Acaryochloris genus also contains several psbA, 3
psbD, and 2 psbE homologues. These two Chl d containing cyanobacteria
are so far the only photosynthetic organisms identiﬁed with 3 psbD and
2 psbE genes in their genomes.
The presence of multiple forms of the D1, D2 and cytb559 subunits
in A. marina is most likely related to the very high ﬂexibility of this
cyanobacterium to unusual environmental conditions, and thereforeprovides a useful experimental system to study acclimation of cyano-
bacteria to varying light intensity and quality, aswell as oxygen content
in its environment. Here we describe the transcriptional regulation of
psbA, psbD and psbE genes of A. marina. In order to demonstrate the
correlation between changes in photosynthetic electron transport and
changes in the psbA, psbD, and psbE gene expression levels in cells
under acclimation we measured chlorophyll ﬂuorescence transients in
parallel with relative transcript quantiﬁcations. Factors that affect the
psbA1 expression encoding D1′ of A. marina were identiﬁed. Further-
more, we present a novel adaptation mechanism involving the expres-
sion of a unique copy of psbD gene reported here for the ﬁrst time. We
also provide experimental data implying the formation of α-cytb559
homodimer in PSII complexes.
2. Materials and methods
2.1. Culturing and treatment conditions
A. marina cells were grown in K+ES medium [41], bubbling with
air, at 25 °C, under 10 μmol m−2 s−1 visible light, designated as growth
light (GL). Cells in the exponential growth phase (~8 μg mL−1 Chl)
were used in all experiments. For determining the Chl content the ab-
sorption of ethanolic pigment extraction of the cultures was measured
by a Shimadzu UV-2550 spectrophotometer. The Chl a and Chl d con-
centrations were calculated according to Ritchie et al. [42]. Within the
timescale of our experiments signiﬁcant change in the Chl a/d ratio
did not occur, therefore when different samples had to be compared
they were normalized to their Chl d content.
For high intensity light (HL) stress and for extreme low light (LL)
conditions 100 μmol m−2 s−1 and 1 μmol m−2 s−1 visible light were
used, respectively. UV-B radiation was provided by using a Vilbert-
Lourmat lamp, with a maximum emission at 312 nm, in combination
with 0.1 mm cellulose acetate ﬁlter, yielding a UV‐B intensity of
7 μmol m−2 s−1, whichwas supplementedwith a visible light intensity
of 8 μmol m−2 s−1.
Microaerobic conditions were achieved by incubating the cell sus-
pension in closed conical ﬂasks in the presence of an oxygen scavenging
enzyme mix containing 5 mM glucose, 200 U glucose oxidase and
2000 U catalase. Under our experimental conditions the oxygen content
in the cultures was below 1 μmol L−1 asmonitoredwith an immersible
oxygen electrode (Presens, Fibox 3).
For photosynthetic electron transport inhibition at the level of the
cytb6f complex and PSII 20 μM dibromothymoquinone (DBMIB) and
10 μM 3-(3,4-dichlorophenyl)-1, 1-dimethylurea (DCMU) was used,
respectively.
The 720 nm wavelength in the far red light (FRL) treatment was
chosen in respect to the spectral irradiancemeasuredbelow the host as-
cidian of A. marina [31]. The intensity of FRL at 0.18 μmol m−2 s−1
(110 μW) was set to be equal to the ﬂuence rate of FRL that is present
in the GL. The FRL illumination was provided by an IR 720 nm light-
emitting diode (Roither Lasertechnik Gmbh) and was measured with
an intensity meter (OPHIR Laser Measurement Group, ORION-PD P/N
1Z01803) at 720 nm.
2.2. Photosynthetic activity assessment
Photosynthetic activitywas assessed via following oxygen evolution
using a Clark-type electrode in the presence of 0.5 mM 2,6-
dimethylbenzoquinone (DMBQ) and 1 mM potassium ferricyanide K3
[Fe(CN)6] as an artiﬁcial electron acceptor system.
2.3. Gene expression assessment
The gene expression levels were determined by quantitative PCR
(Q-PCR) using cDNA prepared from total RNA that was extracted as
described elsewhere [7]. To exclude the possibility of experimental
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ucts. Additionally, the quality and speciﬁcity of the primers were
assessed using gDNA template. The gene speciﬁc primers used in
the Q-PCR are listed in Table 1.
In each gene expression experiment the expression level of rnpB
that encodes the beta subunit of RNase Pwas determined, as an internal
control. Since this housekeeping gene is not subjected to variable
expression under different conditions normalizing the transcript levels
of our genes of interest to that of rnpB enables us to gain data on expres-
sion levels relative to rnpBwithout exact experimental establishment of
the cellular copy numbers of those transcripts [43]. For all calculations
of the relative expression levels the GED (Gene Expression's CT Differ-
ence) formula was used to eliminate the possible errors arising from
the unequal ampliﬁcation efﬁciencies [44].
2.4. Fluorescence measurements
The chlorophyll ﬂuorescence (OJIP) transient was measured by a
fast ﬂuorimeter (FL 3500/F, PSI, Czech Republic) in the 10 μs to 1 s
time region using a logarithmic time scale. Samples were dark incu-
bated for 3 min before the measurements.
3. Results
3.1. Acclimation to different light conditions followed by variable
chlorophyll ﬂuorescence and absorption measurements
Under laboratory conditions A. marina is grown in liquid media at
10 μmol m−2 s−1 visible light illumination. However, in its natural
habitat this species lives primarily in an environmental niche in which
the intensity of visible light is very low, and mainly far red light pene-
trates. Adaptation and acclimation responses of cyanobacteria, includ-
ing changes in gene expression, are often mediated by changes in
photosynthetic electron ﬂow, in which the reduction state of the PQ
pool plays a central role [45–48]. In order to understand the acclimation
of A. marina to the special environmental conditions in which it lives
variable Chl ﬂuorescence measurements can be used, which provide
useful information about characteristics of photosynthetic electron
transport. Chl ﬂuorescence – originating mainly from PSII – can be
monitored via excitation of dark adapted photosynthetic material at
physiological temperatures [49]. During this process most of the light
is delivered to PSII from the light harvesting antenna complexes,
which are dominated by large phycobiliprotein containing structures,
called phycobilisomes in most cyanobacteria. Although A. marina lacks
phycobilisomes it contains phycobiliproteins (PBP), as well as Chl d.
Therefore, this cyanobacterium is expected to exhibit primarily PBP-
sensitized Chl d ﬂuorescence when excited in the visible range [50].Table 1
Oligonucleotide sequences used as gene speciﬁc primers in the Q-PCR experiments.
Name Orientation Sequence (5′–3′)
psbA1 Forward TTCCGGCACCTTCCACTTTA
psbA1 Reverse TTCCTGAACCAAGCTGGAGG
psbA2 Forward AACTGCTTCTGTTTAATACAAATTCATACTTC
psbA3 Forward CATAGCTTTTAAGTTTTGTCCCGTAGT
psbA2 and psbA3 Reverse TGTAGGAATCATCAATACGCCG
psbD1 Forward CAATTTTTAAGTTAGATCAAGAGGGTTTATT
psbD2 Forward TCCTGCAATCATTTTTCGATTTATAA
psbD1 and psbD2 Reverse AAAGTTGTGCCGGTAAACCATC
psbD3 Forward GCTGATTGGTTTTATGCTGCG
psbD3 Reverse GGGAGCAAAGAACCAACTGG
psbE1 Forward TCACCGATTTCTCTTTCTGGAAG
psbE1 Reverse CAATTTGTATTTGAGACTCAGATTGAGAAT
psbE2 Forward TTTGGTGATATCGTTACAAGCATTC
psbE2 Reverse AGCCCTTGTCGAGCTTGGT
rnpB Forward TCTCGAAAGGCCAGACTTGC
rnpB Reverse TTGCTGGTGCGCTCTTACCThe induction of the ﬂuorescence signal under continuous illumina-
tion occurs from the basic Fo level that can be observed in dark adapted
samples inwhich the PSII centers are in the open state. From the Fo level
the ﬂuorescence rises to its maximal P level via two intermediate steps
(J and I) (Fig. 1a), which reﬂects the progressive reduction of the QA and
QB electron transfer intermediates of PSII, as well as of the PQ pool
[50,51]. The OJ initial rise reﬂects the reduction of QA, whereas the rise
from the J to the P level is due to secondary electron transport processes,
which are inﬂuenced by the reduction level of the PQ pool. As a conse-
quence the relative proportion of the J level in the total ﬂuorescence rise
is indicative of the PQH2/PQ ratio. The higher the PQH2/PQ ratio at the
initiation of the illumination, themore elevated the J inﬂection gets rel-
ative to the P level [52]. The intermediate J level measured in A. marina
cell suspensions altered when cells were transferred to various light
conditions. In order to compare the extent of J level shift under different
conditionswe calculated the relative variable ﬂuorescence at the J level:
Fv,j=(Fj−Fo)/(Fmax−Fo), where Fo, Fj and Fmax are the ﬂuorescence
intensities at the onset of light, at the J level and at the maximal level,
respectively. When the cells were incubated in darkness for 3 h the
loss of ﬂuorescence intensity at J level relative to Fv was 9±1% in com-
parison with cultures that were dark adapted only for 3 min before the
measurement (Fig. 1a, Table 2). The decreased Fv,j after long dark
incubation implies a decreased PQH2/PQ ratio, i.e. a gradual oxidation
of the PQ pool in darkness. Exposing the cells to HL or LL for 3 h caused
a 7±1% increase, or 13±4% loss of ﬂuorescence intensity at the J level,
respectively (Fig. 1b, Table 2). This indicates that the PQ pool becomes
more reduced in HL, and more oxidized in LL compared to GL condi-
tions. The in vivo absorption maximum of A. marina cells is at around
720 nm (Fig. 3), thus for A. marina FRL is the most accessible region of
the spectrum. Supplying only FRL (720 nm) with the same intensity
as present in the GL decreased the ﬂuorescence at the J level by 7±1%
(Fig. 1c, Table 2), showing that the PQ pool becomes more oxidized
when only the FRL component of the visible spectrum is available.
Exposing the cells to FRL for 24 h at the same intensity at 720 nm
as present in GL raised the maximal ﬂuorescence yield by 28±4.6%
(Fig. 2a). We suggest that the ﬂuorescence yield intensiﬁcation is
due to an elevated number of functional PSII centers, since the higher
ﬂuorescence yield was accompanied by 27±7.7% enhancement of
the PSII oxygen evolving capacity measured in the presence of
DMBQ (Fig. 2b), acting as an artiﬁcial electron acceptor at the10-4 10-2 100 10-4 10-2 10010-4 10-2 100
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Fig. 1. OJIP transients of A. marina cells. Variable chlorophyll ﬂuorescence was measured
in untreated culture (solid thick line) and was compared to ﬂuorescence transients
obtained in cultures pre-incubated for 3 h in dark (a, thin line), under LL (b, open squares)
and HL (crossed line), and under FRL (c, open circles). Curveswere shifted into a common
initial point (=0), and normalized to their maximum point (=1).
Table 2
Changes in the variable ﬂuorescence at the J level relative to Fv (=Fm−Fo).
Treatment ΔFv,j
GL→dark (Fv,j,dark−Fv,j,GL) −0.09±0.01
GL→LL (Fv,j,LL−Fv,j,GL) −0.13±0.04
GL→HL (Fv,j,HL−Fv,j,GL) +0.07±0.01
GL→FRL (Fv,j,FRL−Fv,j,GL) −0.07±0.01
ΔFv,j values were calculated by subtracting the Fv,j of the control sample, that
was kept at GL from the Fv,j of samples thatwere incubated for 3 h in dark, LL,
HL, and FRL before the measurements.
Fig. 3. In vivo absorption spectra of A. marina cells. A. marina cells were propagated
under LL (1 μmol m−2 s−1, thin solid line), GL (10 μmol m−2 s−1, thick solid line),
and under FRL (0.18 μmol m−2 s−1 at 720 nm, dotted line) for 2 months.
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Boichenko et al. [53]. The rate of oxygen evolution in the absence of
DMBQ was 93±2.3 μM O2 mg Chl d−1 h−1, which is higher by 8.8±
3.2% of the rate observed in control cells adapted to GL, implying, that
the increase in PSII activity enhanced the overall photosynthetic ac-
tivity (Fig. 2c). The rise of maximal ﬂuorescence intensity under FRL
was accompanied by the decrease of the Fo level by 6±2.5% relative
to Fv,GL. This implies that the PQ pool is more oxidized under FRL
illumination than in visible light in agreement with the decreased
Fv,j level shown in Fig. 1c.
Chromatic photoacclimation to LL and FRL could be followed by
measuring in vivo absorption of cultures propagated 3–4 times
under LL and FRL. The in vivo absorption peak of Chl d is red-shifted
by 4 nm, in cells grown for 2 months under LL relative to the culture
grown under visible light (Fig. 3). In addition, a reduced PBP content
could have been observed in the FRL grown cell cultures, which is
consistent with previous studies [36].
3.2. The psbA, psbD and psbE genes of A. marina
The psbA gene family of A.marina is comprised of three genes, which
encode two distinct D1 isoforms. The transcript of the AM1_0448
(psbA1) gene encodes a D1 protein that contains the amino acid
changes representative of the recently identiﬁed D1′ group of cyano-
bacteria [17] (see below). The other two psbA genes, the AM1_2166
(psbA2) and AM1_2889 (psbA3) encode identical D1 proteins. According
to the classiﬁcation based on functional features [54], we designate this
isoform D1m (see also Table 3.).10-5 10-4 10-3 10-2 10-1 100
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Fig. 2. Effect of far red light on the OJIP transient, and the photosynthetic activity of A.
marina cells. OJIP Chl ﬂuorescence transients were measured after 3 min dark adapta-
tion of cultures pre-exposed for 24 h to equal ﬂuence rate of 720 nm far red light in the
presence (solid line) and in the absence (open circles) of visible light. Oxygen evolving
capacity was measured in GL and FRL incubated samples in the presence of 0.5 mM
DMBQ and 1 mM FeCy as artiﬁcial electron acceptor system (b), and in the absence
of added acceptors (c).Although all other known cyanobacteria have maximum of two
psbD genes in their genomes, three copies of psbD genes are found
in the genome of A. marina [19]. Besides AM1_1083 (psbD1), which
is transcribed as a bicistronic mRNA together with psbC, A. marina ex-
presses two monocistronic psbD messages: AM1_4084 (psbD2) and
AM1_6045 (psbD3). The psbD1 and psbD2 genes encode D2m proteins
of identical amino acid sequences, while the psbD3 gene encodes the
D2′ isoform with different primary structure. Furthermore, two cop-
ies of psbE genes encode the α subunit of cytb559 [19].
In order to prevent confusion in gene homologues and encoded
proteins, we hereby follow the naming convention established by
Mulo et al. [54]: the genes are numbered according to their occur-
rences in the genome and proteins are categorized according to the
experimentally established expressional and functional features of
the respective genes. For the nomenclature of psbE, as well as for
the psbA and psbD homologues and their products in A. marina see
Table 3.3.3. Transcriptional regulation of the psbA gene expression of A. marina
under various stress conditions
Under growth conditions the psbA2 transcript is themajor contribu-
tor (70–80%) to the total psbA mRNA pool (Fig. 4), the other psbA3
homologue encoding D1m is presented in 20–30% in the total psbA
mRNA pool. The two D1m encoding psbA homologues are induced by
bothUV-B radiation andHL conditions (Fig. 4a and b), resulting in an in-
crease of psbA pool supporting D1 turnover. The psbA1 copy encoding a
divergent D1 isoform is lowly expressed under control conditions, and
although it is slightly induced by UV-B radiation, its contribution to
the psbA mRNA pool remains negligible (Fig. 4a, b, d, and e). UV-B
radiation and HL stress had similar effects on psbA gene expression;
hence these treatments did not affect signiﬁcantly the ratio of the
psbA transcripts, though they increased the size of the transcript pool
for the synthesis of the main D1 isoform (Fig. 4d and e). It was also
observed that the relative transcript levels remained elevated during
the recovery periods of the UV-B and HL stress (Fig. 4a and b).
DBMIB, the photosynthetic electron transport inhibitor, which
blocks the Qo site of the cytb6f complex, prevented the HL induced
increase of the psbA2 and psbA3 transcripts (Fig. 4c) and even caused
decrease in their levels (Fig. 4c and 5a). In contrast, psbA1 encoding a
D1′ isoform was strongly induced by DBMIB and its ~1% contribution
to the psbA mRNA pool built up to ~40 and ~50% in GL (Fig. 5c) and
HL (Fig. 4f) conditions, respectively.
The divergent psbA1 copy of A. marina was also upregulated when
the oxygen content of the medium was decreased below 1 μM (Fig. 5
Table 3
The different D1, D2 and PSII-E isoforms of A. marina encoded by homologous copies of psbA, psbD and psbE genes, respectively.
Protein name D1m D1′ D2m D2′ PSII-E PSII-E′
Gene name psbA2 psbA3 psbA1 psbD1 psbD2 psbD3 psbE2 psbE1
Gene ID AM1_2166 AM1_2889 AM1_0448 AM1_1083 AM1_4084 AM1_6045 AM1_2630 AM1_1130
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encoding the D1′ isoforms under low O2 conditions, which was
shown earlier in Anabaena PCC 7120, Synechocystis PCC 6803 and
T. elongatus, and also in Cyanothece ATCC 51142 [16–18]. According
to these data the psbA1 copy of A. marina may encode a protein that
belongs to the D1′ family of anoxia inducible D1 isoforms. This idea
is supported by sequence comparisons as discussed below. However,
the psbA1 induction was moderate during oxygen deprivation, and
after 3 h of incubation in media with low oxygen content the relative
transcript level of psbA2 also slightly increased. Therefore, the contri-
bution of psbA1 to the total psbA pool remained insigniﬁcant (Fig. 5d)
in contrast to the situation that occurs in the presence of DBMIB,
where after 180 min the psbA1 transcript contributes ~40% to the
transcript pool of its homologues (Fig. 5c). DBMIB treatment and
anoxia did not change signiﬁcantly the psbD transcription compared
to the growth conditions (not shown).
3.4. Transcriptional changes of the psbD genes of A. marina during
acclimation to different light, as well as stress conditions
Under GL the psbD1 and psbD2 transcripts contribute equally to
the total psbD mRNA pool while the contribution of the psbD3 tran-
script is negligible (Fig. 6). Exposure of A. marina cells to UV-B radia-
tion, or HL had a signiﬁcant inﬂuence on the relative transcript levels
of psbD genes. psbD2 was 6- and 7 fold upregulated by UV-B and HL,
respectively (Fig. 6a and b). psbD1 and psbD3 were slightly induced
during the recovery periods following the HL and UV-B treatments.
As a consequence, both stress conditions resulted in a reversible
increase in the relative contribution of psbD2 (Fig. 6d and e). psbD3
had an expression level three orders of magnitude lower compared
to the other two psbD genes under these conditions, and its contribu-
tion remained insigniﬁcant in the psbDmRNA pool (Fig. 6d and e). Infed
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Fig. 4. Effect of UV-B, HL and DBMIB on psbA transcript accumulation. Cells were exposed
to UV-B (a and d) for 60 min, to HL for 90 min in the absence (b, e) or in the presence of
DBMIB (c, f) followed by a recovery period under GL conditions. Relative transcript levels
of psbA1 (white), psbA2 (gray), and psbA3 (black) are shown normalized to their respec-
tive initial values (represented by 100) obtained under growth conditions (a, b, and c)
and as a percentage of the total psbAmRNA pool (d, e, and f).the presence of DBMIB, which inhibits electron transfer at the level of
the cytb6f complex, the HL-induced accumulation of psbD2 was
inhibited, and the psbD genes encoding D2m isoform were suppressed.
As a consequence of these transcript changes the relative contribution
of psbD3 to the psbDmRNA pool slightly increased (Fig. 6e and f).
The psbD3 gene encoding D2′ was found to be induced by adjusting
the intensity or quality of light of the lab conditions (GL) to an illumina-
tion that is more comparable to the accessible light in the natural envi-
ronment of A. marina. Illumination of the cells by FRL or LL induced
psbD3 expression within a couple of hours (Fig. 7a and b). After 24 h
under FRL the relative transcript levels of psbD1 and psbD2 transcripts
slightly increased (3±0.7 fold), while the level of psbD3 was elevated
by ~200%, and this transcript accumulation was maintained during
the 2 day period of the experiment (Fig. 7a and b). After 24 h under LL
psbD3 was induced to a somewhat lower extent (35±10%) compared
to the FRL induction, however, the psbD1 and psbD2 transcripts
decreased by 75±19 and by 60±21%, respectively. Consequently
under both conditions the psbD3 transcript was dominating the tran-
script pool of its homologues by ~60% (Fig. 7b and f). Enhanced tran-
scription of the psbD3 gene was maintained during propagation of
cells for several weeks under LL and FRL (data not shown).
Oxidation of the PQ pool by long dark adaptation, or by blocking the
linear electron transport by DCMU in light also induced psbD3 (Fig. 7c
and d), implying that the transcriptional regulation of the gene
encoding the divergent D2′ copy is connected with this redox change.
In contrast to the redistribution of psbD transcripts, similar changes
could not be observed in the psbA mRNA pool neither under LL, FRL,
dark nor in the presence of DCMU (data not shown). Under these con-
ditions, psbA2, remained the strongly dominant transcript representing
70% of the total psbA mRNA as it was observed under GL conditions
(Fig. 4). Nevertheless, it is noteworthy, that the total psbA relative
mRNA level moderately increased under FRL (Fig. 8).a b
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Fig. 5. psbA transcript accumulation during DBMIB treatment, and oxygen deprivation
(a, c and b, d respectively). Relative transcript levels of psbA1 (white), psbA2 (gray),
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ted by 100) obtained under growth conditions (a, b,) and as a percentage of the total
psbA mRNA pool (c, d).
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Fig. 6. Effect of UV-B, HL and DBMIB on psbD transcript accumulation. Cells were exposed to UV-B for 60 min (a and d), to HL for 90 min in the absence (b, e) or in the presence of
DBMIB (c, f) followed by a recovery period under GL conditions. Relative transcript levels of psbD1 (black), psbD2 (white) and psbD3 (gray) are shown after normalization to their
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The AM1_1130 and the AM1_2630 genes both encode the α subunit
of the cytb559 component of PSII (PSII-E). According to the gene order
in the chromosome of A. marina we designated the AM1_1130 and the0
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percentage of the total psbDmRNA pool (e, f, g and h).AM1_2630 genes as psbE1 and psbE2. Under all studied conditions the
transcript of psbE2 invariably dominated the psbE mRNA pool, and
its deduced amino acid sequence shows higher similarity to known
homologues than that of psbE1. Therefore, we designated the psbE2
encoded protein PSII-E. The deduced amino acid sequence of the0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
hg
dc
e (h) 
n in darkness (c, g), or in the presence of DCMU in light (d, h). Relative transcript levels of
ve values (represented by 100) obtained under growth conditions (a, b, c and d), and as a
D2D2m D1mD1 α cytbβD2 ` ` ` `D2m D1mD1 α cytbβ
D1 D2 D3
100
10-1
10-2
A1 A2 A3 F E1 E2
FRL
D1 D2 D3
GL
R
el
at
iv
e 
tr
an
sc
ri
pt
 le
ve
l
100
10-1
10-2
A1 A2 A3 F E1 E2
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1089É. Kiss et al. / Biochimica et Biophysica Acta 1817 (2012) 1083–1094psbE1 shows lower similarity to the known homologues, thus it is des-
ignated PSII-E′ (Table 3), following the marking of divergent copies of
D1 and D2 proteins [54]. The psbE1 gene forms a gene cluster with its
downstream gene AM1_1129 that encodes a putative β-subunit of
cytb559 (psbF), which is the only gene in the genome of A. marina
identiﬁed as psbF [19]. The relative expression level of this cluster is
negligible as compared to psbE2, hence not only is the contribution of
the two psbE homologues uneven, but the psbE2 transcript is also
about two orders of magnitude more abundant than the psbF transcript
(Fig 8). The signiﬁcant difference in the transcript levels of the psbE2
and psbF genes is manifested in a more than 100 fold higher abundance
of mRNA for production of the PSII-E (α) subunit of cytb559 as
compared to the PSII-F (β) subunit (Fig. 8). Moreover under FRLFig. 9. Relative transcript abundances of thepsbA, psbD, psbE and psbF genes, and thedirection o
size of the spots reﬂects the approximate percentage by which the particular transcript con
transcripts were taken as one mRNA pool of cyt b559 encoding genes. The arrows represent thillumination, when the PSII content of the cells was increasing (Fig. 2),
the relative transcript level of psbE2 elevated in parallel with the tran-
scripts encoding D1m, D2m and D2′. However, such change cannot be
observed for psbA1, psbE1 and psbF, encoding D1′ isoform and the
PSII-E′ (α) as well as PSII-F (β) subunits of cytb-559, respectively
(Fig. 8). This points to the possibility that only the PSII-E (α) subunit
of cytb-559 incorporates into the newly synthesized PSII complexes to-
gether with D1m, D2m and D2′.
4. Discussion
A. marina is a highly adaptive cyanobacterium [36–38], which can
live under largely different environmental conditions. Its main knownf their changes under the various experimental conditions applied in the present study. The
tributes to the mRNA pool of its homologues. The psbE1 and psbE2 together with psbF
e up or down regulation of the particular gene. Horizontal bars represent no changes.
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trates. Acaryochloris-like cyanobacteria also thrive underneath crustose
coralline algae in a widespread endolithic habitat where only far red
light is available to drive photosynthesis [55]. However A. marina can
be cultured in laboratory environment under visible light, and the
other species in the Acaryochloris genus is a free living form in the
ocean [36–38]. Therefore,A.marina is able to acclimate to environments
with both visible and FR light.
A.marina has a considerably large, 8.36 Mb genome containing 8462
genes of which 2129 are located on 9 plasmids [19]. Its extended ge-
nome with numerous plasmids was previously proposed to be con-
nected with its dynamic niche [39]. Having three copies of both psbA
and psbD encoding two different D1 and D2 isoforms, respectively is
also likely to be part of its arsenal that has been developed during
evolution in order to aid adaptation.
In the present study transcriptional responses of different homo-
logues of the genes encoding the D1/D2/cytb559 core heterodimer
of PSII were investigated under a wide range of conditions. The
main features of these changes, regarding the induction or suppres-
sion of the studied genes, as well as their contribution to the respec-
tive mRNA pools is summarized in Fig. 9. These data reveal the large
extent of plasticity of transcriptional regulation of the various homo-
logues of PSII RC subunits in response to changing environmental
conditions as discussed below.
4.1. The ‘divergent’ D1′ of A. marina
A. marina contains three psbA genes, which encode two different
isoforms of the D1 protein. The abundant D1m isoform is encoded
by the psbA2, and the psbA3 genes. PsbA1 contains the conservative
changes of the three amino acid residues (Gly80Ala, Phe158Leu,a 
   1                                                       
D1m   MTTVLQ---R RESASAWERF CSFITSTNNR LYIGWFGVLM IPTLLTAVTC F
D1’  MSTTFQTPSR LPTVSAWDQF CEWITSTHNR LYVGWFGLLM IPSLFVSAIT F
   101                                                     
D1m   EAASLDEWLY NGGPYQLIIF HYMIGCICYL GRQWEYSYRL GMRPWICVAY S
D1’  EATSMDEWLY NGGPYQLIIL HFLIAIWTYL GRQWELSYRL GMRPWIAMAF S
    201  
D1m   HMFGVAGVLG GSLFAAMHGS LVSSTLVRET TEGESANYGY KFGQEEETYN I
D1’  HMLGVVGVFG GAFLSAMHGS LVTSSLVQET SSLKSVNTGY KFGQQEATYN L
     301                                    
D1m   LNGFNFNHSI VDSQGNVVNT WADVLNRANL GFEVMHERNA HNFPLDLAAG E
D1’  LNGFNFNHSL LDSSGRPIRT EADLLNRATM GLQVMHSVNA HHFSLTLAST E
b 
     1                                                       
D2   MTIAVGRAQE RGWFDVLDDW LKRDRFVFIG WSGILLFPCA FLSIGGWFTG T
D2’  MTVALGRVQE RGWFDVLDDW LKRDRFVFIG WSGLLLFPCA FLSIGGWFTG T
     101                                                     
D2   TRWCQLGGLW NFTTLHGVFG LIGFMLRQFE IARLVGVRPY NAVAFSGPIA V
D2’  TRWCQLGGMW NFVTLHGAFG LIGFMLRQFE IARLVNVRPY NAVAFSGPIA V
     201                       
D2   AGILGGALLC AIHGATVENT LFEDGQDANT FAAFTPTQAE ETYSMVTANR F
D2’  AGILGGALLC AIHGATVENT LFEDTKDANT FSGFSPTQSE ETYSMVTANR F
     301                                                   
D2   EIRAAEDPEF ETFYTKNILL NEGLRAWMAP QDQIHENFIF PEEVLPRGNA L
D2’  EIRAAEDPEF ETFYTKNILL NEGLRAWMAP QDQIHENFVF PEEVLPRGNA L
c 
         1               
PSII-E   MSGRTGERPF GDIVTSIRYW IIHTITVPML FLAGWLFVST GLAYDVFG
PSII-E’  MAGVTGERPF GEIITDFSFW KLHVINIPAI FISGWLFVSS GLAYDVFG
Fig. 10. Primary structure of D1m, D1′ (a), D2m, D2′ (b); and PSII-E, PSII-E′ (c) isoforms of A
that are discussed in the text are marked with empty or solid squares, respectively (see text
marked with dots.Thr286Ala), which are characteristic for the recently identiﬁed
cyanobacterial D1′ sequences [17] (see also Fig. 10a). Based on this
feature PsbA1 can be classiﬁed as a member of the D1′ family of D1
proteins, whose mRNA is expressed at a very low level under normal
conditions, but can be induced by anoxia [16–18] (Fig. 9). Due to the
insertions in the D1′ sequence the numbering of D1m and D1′ is dif-
ferent. Therefore, in the following both the D1m and D1′ numbering
will be shown, the latter being in parenthesis. In addition to the D1′
signature changes PsbA1 contains numerous additional amino acid
residue substitutions and shows only 61.3% sequence identity with
the other D1 isoform, D1m. For instance, the D1-Glu244, that provides
an oxygen atom for the bicarbonate coordinated to the non-heme
iron [56] is changed to D1-Ala244(247) (Fig. 10a). Since bicarbonate
ligation to the non-heme iron facilitates electron transport between
the QA and QB quinone electron acceptors [57] the Glu244(247)Ala
change is likely to affect the QA to QB electron transport step in the di-
vergent D1′. Furthermore, three of the four amino acid residues of D1
serving as bidentate ligands to the Mn4CaO5 cluster [56] are substitut-
ed: Asp170(173)Glu, Glu333(337)Ser and Asp342(346)Thr (Fig. 10a).
Changing glutamyl residue to seryl residue at the 333(337) position
and aspartyl residue to threonyl residue at the 342(346) position con-
verts two bidentate coordination sites to two monodentate sites for
Mn cation binding. Furthermore, D1-Asp61 was proposed to facilitate
proton exit from the Mn4CaO5 cluster [56]. In the divergent D1′ iso-
form it is changed to glutamyl residue (D1-Glu64), which also con-
tains the carboxylic acid functional group, but is a slightly longer
residue that is likely to affect the proton channel. In addition, the ni-
trogen of the D1-Asp338(442) is coordinated to the Cl− ion that is
considered to maintain proton exit from the oxygen evolving com-
plex [58]. In the case of PsbA1 of A. marina D1-Asp338(442) is
substituted by a histidine residue, which also contains a nitrogen             
VIAFIGAPP VDIDGIREPV AGSLLYGNNI ITGAVVPSSN AIGLHLYPIW  97
MLAWVAAPS VDMEGIREPI ISSLLGGSNV ITAAVIPTSA AIGLHLYPLW 100
          
APLAATYSV FLIYPLGQGS FSDGMPLGIS GTFNFMFVFQ AEHNILMHPF 197
APVAAATAV LLVYPMGQGS FSEGLPLGIS GTFHFMMAVQ AEHNILMHPF 200
VAAHG-YFG RLIFQYASFS NSRSLHFFLG AWPVVCIWLT AMGISTMAFN 296
LAGHAGYLG RLFIPDIAFR NSRSIHFLLA VLPTIGIWFA ALGIGTMAFN 300
SAPVALTAP VING 360 
SKEIP-TIP IMTS 364 
                                                 
TFVTSWYTH GLASSYLEGA NFLTVAVSTP ADSLGHSLLL LWGPEAQGDF 100
TFVTSWYTH GLASSYLEGC NFLTAAVSTP ADSMGHSLLL LWGPEARGDF 100
                                                     
YVSVFLMYP LGQSSWFFAP SWGVTSIFRF LLFAQGFHNL TLNPFHMMGV 200
FVSVFLMYP LGQSSWFFAP SWGVASIFRF LLFVQGFHNL TLNPFHMMGV 200
WSQIFGIAF SNKRWLHFFM LFVPVTGLWA SAIGLVGIAL NMRAYDFVSQ 300
WSQIFGIAF SNKRWLHFFM LFVPVTGLWA SAIGLVGIAL NMRAYDFVSQ 300
 351 
 351 
TP RPNEYFDQAR QGLPLVTDRY EGKQQIDEFT KGL-------  83 
TP HPNEYYSQSE SQIQIVTDRY AGKQQIDDFR NLSPSLDTNN  90 
. marina. Amino acid residue changes with similar or with different physical properties
for details). The conservative changes that are representative for D1′ isoforms [17] are
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these residue changes are able to retain the function, but in a different
way, possibly fulﬁlling a special task under particular conditions.
The signiﬁcant induction of psbA1 in the presence of DBMIB
(Fig. 9), supports the possible requirement for this isoform under spe-
cial environmental clues. However, none of the physiological condi-
tions studied here caused a ‘DBMIB-like effect’ on the psbA1
expression, and evidence for the functioning of the D1′ isoform of A.
marina could not have been shown. In the absence of direct experi-
mental data the following assumptions can be made concerning the
function of the D1′ in the PSII of A. marina: (i) D1′ is a functional D1
protein in oxygen evolving PSII complexes and it is needed when
the photosynthetic electron transport needs to be adjusted to special
environmental conditions. (ii) It could be considered that the D1′ pro-
tein of A. marina is under an evolutionary process of losing its func-
tion. During the evolution of the oxygenic photosynthesis of this
strain the PsbA1 subunit became less and less needed, therefore the
selection pressure reduced on it. As a consequence the mutation
rate increased in the psbA1 gene causing random residue changes in
the sequence of PsbA1 that has made this protein dysfunctional.
However, the observation of similar mutations in the D1′ of other
cyanobacterial species at the same locations around the Mn4CaO5
cluster [59] and the fact that there is no frameshift in the sequence
despite of at least three insertion/deletion events makes this alterna-
tive less likely. (iii) It is possible, that the function of this divergent
D1′ is to be dysfunctional, as it was recently proposed by James W.
Murray [59]. The numerous residue changes in the Mn4CaO5 coordi-
nation site distort the geometry to an extent that makes the cluster
unable to perform water splitting, however this D1′ isoform incorpo-
rates into PSII complexes; hence reaction centers (RC) containing this
protein would be unable to evolve oxygen. Such a strategy would be
beneﬁcial under conditions where the oxygen evolving capacity of
PSII should be downregulated, e.g. to facilitate the functioning of ox-
ygen sensitive enzymes, such as hydrogenases, or nitrogenases. A.
marina contains a bidirectional Ni–Fe type hydrogenase, thus this or-
ganism is expected to experience anoxic conditions in its natural en-
vironment. Although the genes which are required for known
versions of functional nitrogenases have not been found in the ge-
nome of A. marina, Mo-dependent nitrogenase related genes, such
as AM1_2462, AM1_3585 and the AM1_A0295, and also the nifU gene
encoding a chaperon protein involved in the assembly of nitrogenase
are present [19]. This implies that A. marina used to be able to per-
form nitrogen ﬁxation, and oxygen free environment for the nitroge-
nase could be facilitated by the inactivation of PSII by the above
mentioned process, hence D1′ of A. marina is likely to represent an
ancestral D1 isoform. However, the also oxygen sensitive hydroge-
nase remained active in A. marina [53], supporting further the idea
that D1′might be necessary for controlling oxygen content of the cell.
The D1′ encoding gene of Synechocystis (psbA1) can be induced by
anoxia [16], but unlike the psbA1 copy of A. marina, does not show
DBMIB dependent expression (data not shown). The deduced amino
acid sequence of D1′of A. marina shows higher similarity to the D1′
of Cyanothece sp. ATCC 51142 than to the D1′of Synechocystis. In
addition to the anaerobic induction [16], the gene encoding the D1′ of
Cyanothece sp. ATCC 51142 (psbA2) shows diurnal expression, and can
be induced by darkness [60]. These data show that the transcriptional
regulation of the D1′-type proteins can be different in various
cyanobacterial strains, indicating that their function can be diverse
depending on the niche of the particular strain.
The D1′ of Synechocystiswas shown to be able to substitute the nor-
mal D1m in fully functional PSII complexes [15]. However, the PsbA1 of
Cyanothece sp. ATCC 51142 and A. marina contains several additional
residue changes compared to the D1′ of Synechocystis. Nevertheless,
the diversity of functional D1 amino acid sequences seems to be rather
broad [61,62]. The extensive sequence analyses of D1 isoforms carried
out by James W. Murray [59] showed several cyanobacterial speciescontaining a highly divergent, theoretically dysfunctional D1′ isoform.
To clarify whether these divergent D1′ isoforms are able to operate in
the PSII chemistry, and to identify their function and origin will be an
important topic for photosynthesis research in the near future.4.2. The ‘divergent’ D2′ of A. marina
In addition to the abundant D2m protein, A. marina has another D2
isoform, PsbD3 that has different primary structure compared to the
abundant copy. The expression of psbD3 gene is very low under control
conditions, although it was shown to be stimulated by darkness, DCMU
treatment, LL and FRL (Figs. 7 and 9). Blocking PSII electron transfer by
DCMU at the level of the QB binding site leads to oxidation of the PQ
pool since under these conditions PSI extracts electrons from the PQ
pool during illumination, which is not compensated by electrons arriving
from PSII due to the DCMU induced block of PSII electron transfer.
Similarly, extreme LL intensities are not enough for competent PSII
excitation; therefore the PQ pool gets more oxidized (Fig. 1) presumably
due to the operation of oxidases on the PQ pool. Subjecting the cells to
FRL also increased PQ pool oxidation (Fig. 1), most likely because the ac-
cessible light is less efﬁcient for driving PSII than driving PSI (see further
discussion below), hence the rate of electronﬂow fromPQ to PSI is higher
compared to the rate from PSII to the PQ pool. Coincidence of psbD3 in-
duction with oxidation of the PQ pool implies that D2′ has a function in
balancing forward electron transport during adaptation to LL and FRL
conditions. Under 5–10 μmol m−2 s−1 visible light,which is used for cul-
turing cells (GL), psbD3 shows very low expression levels. However, ap-
plying conditions, such as LL or FRL that are more similar to the natural
environment of A. marina psbD3 is induced (Fig. 9). The expression of
psbD3 remained elevated for several months when the cells were propa-
gated under FRL or LL (data not shown). Considering the niche of A. ma-
rina, it is likely that in its natural environment this ‘red light copy’ of D2 is
continuously expressed, and inserted into PSII complexes.
Together with the transcriptional changes we also observed de-
creasing PBP/Chl d ratio in cells that were grown under FRL illumina-
tion (Fig. 3), which is in agreement with previous studies [37]. An
increase in the amount of functional PSII complexes under FRL
(Fig. 2) implies that this 720 nm wavelength illumination is absorbed
more efﬁciently by PSI, than by PSII of A. marina. Since Chl d is the
main light harvesting pigment in both of the RCs of A. marina, this dif-
ference in the preference of excitation by FRL should be caused by dif-
ferences in the outer antennas of the two RCs. Phycobiliproteins
(PBP) of A. marina consisting of phycocyanin and allophycocyanin ab-
sorb maximally at around 645 nm in vivo, and were shown to act as
an outer light harvesting system for PSII [32]. Although in vivo action
spectra have shown energy transfer to PSI [64], physical attachment
of phycobilisomes to PSI could have not been shown in cyanobacteria.
The oxidation of PQ pool and the need for more PSII complexes under
FRL illumination indicates that when the accessible light is out of the
range of PBP absorption, and it can be utilized only by Chl d, PSI exci-
tation is more efﬁcient implying that PBP antennas are connected to
PSII, but not to PSI in A. marina. Supposedly the newly synthesized
PSII complexes in FRL have different afﬁnity for PBP binding, and
the decrease in the PBP/Chl d ratio is due to the increase in the PBP-
less PSII complexes. Since the docking site of allophycocyanin on
the PSII complex is proposed to be close to D2 [65], it is possible
that due to changes in particular amino acid residues of D2 the phys-
ical properties of PBP attachment are distorted in PSII complexes con-
taining the D2′. However, amino acid residues being responsible for
PBP docking have not been identiﬁed yet. The D2′ isoform contains
20 amino acid residue changes compared to D2m of A. marina
(Fig. 10b). Among these changes, the Gly225Thr, Gln226Lys,
Ala232Ser, Ala233Gly, Thr235Ser, and Ala239Ser are found in a loop
at the stromal side, at the putative localization of the PBP anchor
[65]. Furthermore, the Gln97Arg substitution is within the interface
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sponsible for PBP docking [23,65] (Fig. 10b).
Chromatic photo-acclimation to LL could also be shown by absorp-
tion spectroscopy. The in vivo absorption peak of Chl d is red-shifted
in cells grown under LL conditions relative to cells grown in normal
light intensities (Fig. 3). Red shift in the absorption peak of Chl mole-
cules caused by their protein environment is a well known phenom-
enon. We hypothesize, that under LL conditions the amount of Chl d
binding Pcb antennas increases. The protein environment of Chl d
molecules are different in Pcb, compared to other Chl d molecules in
the cells, and their enhanced contribution to the overall Chl d absorp-
tion results in a red shift in the in vivo absorption peak of Chl
d (Fig. 3). This observation indicates that A. marina prefers to utilize
its inner antennas instead of the outer PBP for adaptation to LL inten-
sities. The red-shift of the absorption peak also implies that A. marina
is able to adapt its light capturing capacity to even longer wave-
lengths by changing the protein environment of its Chl d pigment.4.3. Differential expression of the psbE and psbF genes
Theα subunit of cytb559 is encoded by two psbE genes, psbE1 and
psbE2 in A. marina, and their deduced amino acid sequence shows
only 55% identity with each other (Fig. 10c). The psbE1 homologue
is clustered with the gene of the β subunit, psbF. The very low rela-
tive expression level of the psbE1 gene, and the several amino acid
residue changes, that can also be found close to the heme-binding
His, including the substitution of Tyr19 which was shown to cause
high susceptibility to photoinhibition [24] suggests that PSII-E′, the
α subunit encoded by this gene, may not be incorporated into PSII
complexes. The relative expression levels of the psbE1 and psbF
genes are low in comparison to other PSII encoding genes under all
conditions examined in this study (Fig. 9). The main component of
themRNA pool of the cytb559 subunits is the psbE2, which is encoded
in a cluster without psbF, and expressed at a similar level as the psbA
and psbD genes, which encode the D1 and D2 subunits of the PSII
core complex, respectively. Due to the low relative expression of
psbF a signiﬁcant difference between the ratio of the relative size of
the transcript pool of the α and β subunits can be observed, leading
to the presence of less than 1% of psbF transcript as compared to
psbE2 (Fig. 8). Besides, under FRL, when the number of PSII com-
plexes are increasing, accumulation of transcripts coding for D1m,
and D2m plus D2′ (Fig. 7a and e, and see also Fig. 9), as well as
PsbE2, but not of PsbF could be observed (Figs. 8 and 9), indicating
that only the PSII-E subunits are incorporating into the de novo syn-
thesized PSII complexes in A. marina. So far there are no experimen-
tal data on the existence of PSII complexes containing only α
subunits of the cytb559 in other photosynthetic organisms: muta-
genesis provided evidence for the deﬁciency of PSII assembly in the
absence of β subunits in the ΔpsbF mutant of Nicotiana tabacum
[30]. In addition, the crystal structure of the cyanobacterial PSII
from T. elongatus and Thermosynechococcus vulcanus [56] showed
that cytb559 consists of anα–β subunit heterodimer in the PSII com-
plex. However, there is evidence for the two hemes being coordinat-
ed to homodimers of α and β subunits [66], suggesting that in
particular cases theα subunits alone might be able to fulﬁll the func-
tion of cytb559. In A. marina, the disproportionate contribution of the
psbE and psbF transcripts to the mRNA pool of the cytb559 subunits
indicates the possibility of a homodimer organization of cytb559 in
PSII complexes. The idea that the assembly and functioning of PSII
can be very different in cyanobacteria in different environmental
niches is supported by recent genome analyses of the
Prochlorococcus genus, which revealed striking differences in
the sets of the genes coding for PSII subunits including the absence
of the PsbU and also cytochrome c550 in strains adapted to highly
different light intensities and qualities [63].4.4. Overall transcriptional responses of genes encoding the D1, D2 and
cytb559 components of PSII during photoacclimation of A. marina
Acclimation of cyanobacteria to changing environmental conditions
usually involves several psbA and maximum 2 psbD genes, which lead
to the increase of the respective transcript pools, and/or to the induc-
tion of speciﬁc genes encoding alternative isoforms of D1 [4–7,20,21].
A. marina possesses not only various psbA, but uniquely 3 psbD and 2
psbE homologues encoding 2 D2 and 2 PSII-E isoforms with different
primary structures. Transcriptional responses of the individual genes
along with their inﬂuence on the transcript pool of the homologous
genes coding for a particular PSII subunit were discussed above. How-
ever, the combined effects of the simultaneously occurring gene expres-
sion changes could be also important for the acclimation process.
Exposure to high light and UV-B increases the abundance of the psbA
and psbD transcripts, which encode the D1m and D2m protein isoforms,
respectively, but the psbA1 and psbD3 transcripts, encoding the alterna-
tive D1′ and D2′ copies are not accumulating (Figs. 4, 6, and 9.). These
data show that acclimation to high light and UV-B occurs by an in-
creased availability of psbA and psbD transcripts for more efﬁcient pro-
duction of the main D1 and D2 isoforms during the PSII repair cycle. In
comparison with the other two psbD transcripts, signiﬁcant amounts of
psbD3 mRNAs, encoding the alternative D2′ isoform, are accumulating
in darkness, low light and far red light (Fig. 9). However, under these
conditions induction of psbA1 encoding the alternative D1′ did not
occur, which shows that parallel incorporation of both D1′ and D2′
into the PSII core is not part of the acclimation responses. This conclu-
sion is supported further by the low relative transcript level of psbD3
during DBMIB treatment, when psbA1 is highly induced, and makes
half of the psbAmRNA pool.
The speciﬁc FRL induced accumulation of psbD3 mRNA was accom-
panied with the slight induction of genes encoding D1m, D2m and PSII-
E which is considered to be a result of the enhanced synthesis of sub-
units when more PSII complexes are needed for the photoacclimation
process (Fig. 9). However, changes in the relative transcript levels of
genes encoding D1′, PSII-E′, and PSII-F were not observed under those
conditions (Figs. 8 and 9), implying that these gene products are not
required for acclimation to FRL.
5. Concluding remarks
Cyanobacteria are among the most adaptive photosynthetic organ-
isms on Earth. They can adapt to highly diverse ecological niches with
different accessibilities of light [67], as well as variable temperatures,
salt concentrations and pH [68,69]. A. marina with its exceptionally
large and complex genome is likely to be one of the most versatile
cyanobacterial species, when it comes to acclimation to different light
conditions. It can grow under a wide range of light intensities, and can
also utilize an extensive range of the visible spectrum, and was shown
to perform various responses of chromatic photoacclimation when
adapting to different qualities and quantities of light [36,37]. According
to the present study the remarkable ability of A. marina to acclimate to
different light conditions is also related to its unique photosynthetic
gene arsenal including 3 psbA, 3 psbD genes, which encode 2 different
isoforms of the D1 and D2 PSII RC proteins, respectively. Furthermore
the signiﬁcant difference in the amount of the psbE and psbF transcripts
that encodes the α and β subunits of cytb559 indicates that in contrast
to the already characterized PSII complexes in nature in which the
protein backbone of cytb559 is made up by an α–β heterodimer the
PSII RC of A. marina is likely to contain an α–α homodimer of cytb559
subunits.
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